To achieve high separation power of complex samples using multidimensional gas chromatography (MDGC), the selectivity of the employed stationary phases is crucial. The non-polar × polar column combination remains the most popular column set used in MDGC. However, resolution of mixtures containing light analytes possessing very similar properties remains a formidable challenge. The development of stationary phases that offer unique separation mechanisms have the potential to significantly improve MDGC separations, particularly in resolving co-eluted peaks in complex samples. For the first time, a stationary phase containing silver(I) ions was successfully designed and employed as a second dimension column using comprehensive two dimensional gas chromatography (GC × GC) for the separation of mixtures containing alkynes, dienes, terpenes, esters, aldehydes, and ketones. Compared to a widely used non-polar and polar column set, the silver-based column exhibited superior performance by providing better chromatographic resolution of co-eluted compounds. A mixture of unsaturated fatty acids was successfully separated using a GC × GC method in which the elution order in the second dimension was highly dependent on the number of double bonds within the sample.
INTRODUCTION
Instrumental or stationary phase modifications are sometimes required in order to make 56 primary columns compatible with secondary columns. For example, a column set composed of 57 cyclodextrin × BP-20 (PEG) was reported for the enantiomeric separation of monoterpene 58 hydrocarbons and oxygenated monoterpenes. 16 It was shown that the cyclodextrin chiral stationary 59 phase was not suitable in the second dimension since high plate numbers and long run times are 60 needed to obtain sufficient enantioresolution. 17 Shellie and Marriott circumvented this limitation 61 by applying subambient pressure (vacuum outlet) conditions at the end of the secondary column 62 to speed up the separation. 18 Using this approach, a GC × enantio-GC method was developed using To resolve complex samples containing light paraffins and olefins with similar polarity and 68 volatility using 1D GC, alumina porous layer open tubular (PLOT) columns are often used. 19 
69
Although an alumina PLOT column was used in valve-based heart-cutting multidimensional GC 70 experiments by Shellie and coworkers, this column has not been routinely employed in GC × GC 71 due to its requirements of higher temperatures and flow rates. 1, 6, 20 Stationary phases that facilitate 72 separation by argentation chromatography have potential since silver(I) ion possesses unique 73 selectivity towards unsaturated hydrocarbons. 21, 22 However, the adaptation of silver-based 74 stationary phases to GC × GC remains a challenge due to strong π-complexation between analytes 75 and the silver-based stationary phase, which can result in slow mass transfer and wrap-around. To 76 the best of our knowledge, no GC × GC method has been reported to date that uses an analyte-77 selective silver-containing stationary phase. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 In this technical report, we develop the first class of silver-based stationary phases that are 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 headspace vial. Then, 1 µL of the headspace was injected into the GC × GC system with a split 113 ratio of 5:1.
114
The UFA mixture was diluted in dichloromethane at a concentration level of 10 µg mL -1 . Then, 1
115
µL of the sample solution was injected into the GC × GC system with a split ratio of 100:1. The 116 chemical structures of UFAs are listed in Figure S5 . 0.2 µm) column. Hydrogen was used as the carrier gas with the inlet pressure set at 9.32 psi and a purposes (see Figure S6g ). As the concentration of silver ion in the stationary phase was lowered, Due to strong π-complexation between analytes and the silver-based stationary phase, the 177 film thickness and column length need to be optimized. The effects of film thickness and column 178 length on the GC × GC separation were also investigated. As shown in Figure S8a , the silver-based S8b), while minimizing wrap-around.
117

Analysis by GC × GC-flame ionization detection (FID
184
In the final step, the maximum allowable operating temperature (MAOT) of a 120 cm was determined. As shown in Figure S9a , the column was heated slowly in a GC oven and an ultra- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 resolution was observed at temperatures above 180 °C. It was also observed that the silver-based Table S1 for structures) was separated using GC × GC with the Rtx-5MS and silver-based IL 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 boiling points and similar polarities (e.g., butyraldehyde (2), 2-butanone (9), 2-pentanone (10), 3- propyl 2-hexanone (12) was found to be 2.2, 3.8, and 6.3, respectively, using the silver-based IL 220 and 0.9, 1.6, and 4.9 using the SUPELCOWAX10 as second dimension column (Table S2 ). When column set using a neat conventional IL column (containing no Ag + ) was used for GC × GC 228 separation of the analyte mixture. As shown in Figure S10 , the selectivity towards the analytes in 229 the second dimension was completely lost compared to the Rtx-5MS × silver-based IL column set.
230
The following analyte mixture composed of alkanes, alkenes, alkynes, cycloalkanes, and 
235
(55) n-nonane, (56) myrcene, (57) α-terpinene, (58) γ-terpinene, and (59) terpinolene was 236 subjected to GC × GC separation using both column sets, as shown in Figure 2 . It can be observed 237 that the analytes were better resolved and distributed using the Rtx-5MS × silver-based IL column Rtx-5MS × SUPELCOWAX10 column set, were well separated using the Rtx-5MS × silver-based the second dimension, the selectivity (compounds 34 to 59) was completely lost (see Figure S11 ).
258
Separation of unsaturated fatty acids using GC × GC with silver-based IL column
259
To further validate the application of the GC × GC method using a silver-based IL column, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 (from 14 to 22 carbons) with 0 to 6 units of unsaturation. The sample was initially separated using 263 a conventional 1D system in order to determine the elution order of the analytes (see Figure S12a ).
264
The UFA sample (fraction from 1 t R = 15 to 1 t R = 47 min, UFAs from C14:0 to C18:3) was subjected
265
to GC × GC separation, as shown in Figure 3 . UFAs (from C14:0 to C18:3) were well separated and exhibited unique retention behavior using 272 this column set. This study is the first time in which UFAs were separated by a GC × GC using an 273 analyte-selective silver column where the retention order in the second dimension is highly 274 correlated to the number of double bonds.
275
In summary, a GC × GC compatible silver-based stationary phase was successfully 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 (2) Marriott, P. J.; Chin, S. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 
358
See Table S1 for additional information. Table S1 for peak identification. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 For 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
